Cryptococcosis, a systemic mycosis capable of disseminating to the central nervous system with frequent lethal effects, is caused by the species Cryptococus neoformans and Cryptococcus gattii. Several infectious agents such as virus, bacteria, and parasites may be associated to DNA damage and carcinogenesis in humans. Products of the oxidative metabolism, such as NO, produced as a host defense mechanism to destroy these pathogens, have been implicated in this damage process, due to excessive production related to an established chronic inflammatory response. Here, we investigated whether C. neoformans and /or C. gattii can cause DNA damage in human peripheral blood mononuclear cells (PBMCs) and whether this process is related to NO levels produced by PBMCs. We found that both species are equally able to induce genotoxicity in PBMCs. However, an association between DNA damage and high NO levels was only detected in relation to C. gattii. The results point to the possibility that patients with cryptococcosis are more susceptible to the development of other diseases.
Introduction
Cryptococcosis, a systemic mycosis whose incidence has increased drastically in last decades, is caused by capsulated yeasts belonging to the genus Cryptococcus. Infection in humans is associated with two fungus species: Cryptococcus neoformans and Cryptococcus gattii that, however, affect different populations. 1 While C. neoformans infects has been a challenge for researchers. Infection of brain and meninges by C. neoformans is the most important clinical form in immunosuppressed individuals, such as those with AIDS, in which cryptococcosis is listed as one of the most important causes of death. 5, 6 In immunocompetent patients, C. gattii infection is clinically characterized by pulmonary complications and pneumonia, with or without meningitis. Symptoms may also occur in the skeletal muscles, with a tendency to present lesions with lung and/or cerebral mass, and hydrocephalus. 5 Host protection against Cryptococcus is closely associated to M1 or classically activated macrophages. 7 This mechanism, in turn, depends on immune cells, including natural killer (NK) cells, CD8 + T cells, and CD4 + Th1 cells 8 that respond to the pathogen by secreting inflammatory cytokines, such as interferon γ (IFN-γ ), which signals macrophages to polarize toward a M1 phenotype. [8] [9] [10] [11] These macrophages destroy pathogens mainly via the activation of the oxidative metabolism. 12 Specifically in the relation to Cryptococcus, the enzyme iNOS acts on the substrate L-arginine to produce NO, which has anti-fungal properties. [13] [14] [15] [16] However, the metabolite produced primarily to attack the pathogen by nitration, oxidation, or chlorination 17 can cause, when in excess, injury to host cells inducing DNA damage leading to mutagenesis and other diseases. 18 Studies have strongly suggested that several infectious agents such as virus, bacteria and parasites may be associated to carcinogenesis in humans. 19 Despite this, it has been very difficult to definitively identify pathogens as causative agents of cancers. In addition, studies making association of fungal diseases and DNA damage have not yet been described. This study aimed to evaluate whether Cryptococcus neoformans and/or C. gattii can cause DNA damage in human peripheral blood mononuclear cells and whether this process is related to NO levels produced by these cells.
Methods

Subjects
Six healthy donors of both sexes and from 18 to 40 years old, who attended to the Hemocenter of University Hospital of the School of Medicine -Botucatu, São Paulo State University -UNESP, were included in this study after signature of informed consent form. Individuals with infectious or granulomatous diseases, positive human immunodeficiency virus (HIV) diagnosis, pregnant women, and smokers were excluded. This study was approved by the Institution Research Ethics Committee (registration number: 38381014).
Blood taken
Blood (60 ml) was collected through venipuncture (forearm vein) and by using a vacuum system (Vacutainer R ). Sodium heparin was used as anticoagulant. (10 6 yeasts/ml) during 7 days at 37
• C in an atmosphere of 5% CO 2 . After this period, culture supernatants were collected and evaluated for NO concentrations, and cells were submitted to comet assay for analyzing DNA damage. At the time of performing these assays cells viability was about 80%.
NO quantification
NO concentrations were evaluated by measuring the accumulation of nitrite in cultures supernatants of noninfected or C. neoformans or C. gattii infected PBMCs using the standard Griess assay. Aliquots (100 ul) of the supernatants were added to equal volumes of Griess reagent constituted of 1% sulfananilamide diluted in 5% H 3 PO 4 and 0.1% naphthylenediamine (all from Sigma-Aldrich) in 24-well tissue culture plates. Absorbance at 540 nm of the resultant reaction was determined by using an ELISA reader (BioTex, Wenoaski, Vermont, USA). Conversion of absorbance to NO concentrations was performed according to a standard curve (NaNO 2 ), and the results were expressed in μM.
DNA damage
DNA damage was evaluated in noninfected or C. neoformans or C. gattii infected PBMCs and was performed as described by Singh et al. 20 with some modifications. Three types of lesions were analyzed: the general lesions, the oxidized purines by using the enzyme formamidopyrimidine-DNA glycosylase (FPG), and the oxidized pyrimidines by using the enzyme endonuclease III (endoIII). Aliquots of 10 ul of PBMCs (10 7 /ml) were added to 120 ul of 0.5% low-melting point agarose. This mixture was layered onto a slide precoated with a 1.5% normal-melting point agarose, covered with a cover slip and placed at 4
• C for 10 minutes to allow agarose to solidify. After this period, the coverslip was removed and the slide submersed in freshly prepared cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10, 1% Triton × 100 and 10% DMSO) followed by washing in phosphate-buffered saline (PBS) (Ca 2 + and Mg 2 + free) for 5 minutes and treatment with FPG and endoIII enzymes (1:1000 dilution) at 37
• C for 30 minutes.
Slides were then transferred to horizontal electrophoresis tank, which was filled with freshly prepared alkaline buffer (1 mM EDTA and 300 mM NaOH, pH > 13 
Statistical analysis
Analyses were performed by using the GraphPad Prism 5.0 software. Results concerning to NO evaluation were analyzed by ANOVA for independent samples followed by Tukey Kramer test. Differences among the results of DNA damage evaluation were calculated by the gamma distribution test. The level of significance was set at P < .05.
Results
DNA damage induced by C. gattii and C. neoformans in PBMC cultures
The results regarding general DNA damages triggered by both fungal species and referring to tail moment, that identifies the presence or absence of lesions, and those of tail intensity indicating the lesions intensity, are shown in Figure 1A . We found that the values after infection with C. gatti were significantly higher ("tail moment" and "tail intensity") as compared to control cultures (P < .05). The same did not occur in cultures infected with C. neoformans, in which the values were similar to the controls. In Figure 1B the oxidative lesions detected specifically in purines, by using the enzyme formamidopyrimidine-DNA glycosylase (FPG), are shown. Values higher than those obtained in the control cultures were detected after infection with C. gatti and C. neoformans ("tail moment" and "tail intensity"). However, the results were statistically significant only after challenge with C. neoformans (P < .05). In Figure 1C the lesions occurring specifically in the pyrimidines (enzyme ENDO III) can be analyzed. We detected values significantly higher than control cultures for both species (tail moment and tail intensity) (P < .05). Together, our results indicate that both C. neoformans and C. gattii are able to induce damage in the DNA of the evaluated cells.
NO production
In order to evaluate whether the detected DNA damage was associated to NO production, levels of this metabolite were quantified in the supernatants of PBMCs infected with the two species of Cryptococcus. Unstimulated PBMCs produced low NO levels that were significantly increased (P < .05) only after infection with C. gatti (Fig. 2) .
Discussion
Although studies have demonstrated that some pathogens are able to induce DNA damage, 19 data about fungal genotoxicity are rare. Peripheral blood leukocytes have been used to study DNA damage caused by some factors such as infectious agents, as they can represent the lesions induced in other cells. Another advantage is the feasibility of using such cells in human studies. In turn, comet assay is a relatively simple, sensitive and powerful method to determine genotoxicity. 20 Thus, in this study the capacity of C. neoformans and C. gattii in inducing DNA damage was investigated by using human peripheral blood mononuclear cells and the comet assay. In the experiments in which the general lesions were evaluated, we found that only C. gattii induced significant DNA damage. However, when oxidative lesions on specific bases (purines and pyrimidines) were analyzed, we concluded that both species are able to induce genotoxicity by oxidative stress. General lesions can occur by several factors, such as radiation, medicines, UV light, and so forth. Damages in purine and pyrimidine bases are specifically due to oxidative stress. Thus, differences detected when general lesions were evaluated can be others than those detected in specific tests. This may explain why only C. gatti was shown to induce general lesions, while both species are able to induce specific lesions. To our knowledge, this is the first report detecting this process associated to Cryptococcus. Despite all of this, previous studies already showed that this fungus has the ability to cause other types of cell injury mediated by oxidative stress, as impaired mitochondrial function, activation of caspase-1, and altered protein synthesis rate in macrophages. All these cellular damages could promote and potentiate C. neoformans survival in macrophages and contribute to its evasion from host immune response. 22 Other studies showed that human alveolar epithelial cells lineage are killed after GXM-mediated interaction with C. neoformans.
23
Our findings allow us to include the two species of Cryptococcus among the infectious agents that can cause cells genotoxicity such as Mycobacterium tuberculosis, 24 Trypanossoma cruzi, 25 Leishmania chagasi, 26, 27 Klebsiella pneumoniae. 28 and others.
The mechanisms involved in the association between carcinogenesis and infection are not totally elucidated. Two main mechanisms are proposed: direct action of the pathogen on DNA or an indirect effect by activating a strong inflammatory response that induces cells to an excessive oxidative metabolism. Oxidative damage to DNA has been recognized as the main factor that promotes carcinogenesis. 29, 30 This second mechanism has already been proven in infections whose resistance requires the generation of an important inflammatory response that culminates with the activation of the oxidative metabolism for the destruction of the pathogen, as in the case of infection with Leishmania 26, 27 and T. cruzi. 25 These data imply that this mechanism can also be suggested by infection with Cryptococcus, as host resistance to this fungus is associated with M1 macrophages, which, for activation, require the production of proinflammatory cytokines such as IFN-γ and tumor necrosis factor α (TNF-α). The main product of activated M1 macrophages is NO that is able to destroy Cryptoccocus 7 but that in excess can lead to oxidative stress.
Here, in an attempt to determine the association of DNA damage /high NO production, the levels of this metabolite were evaluated in the supernatants of PBMCs infected with C. neoformans and C. gatti. Surprisingly, we detected that only C. gatti was able to induce high NO production. Thus, an association between DNA damage and high NO levels were only detected in relation to this Cryptococcus species. Despite high NO levels not being detected in response to C. neoformans, other products of oxidative metabolism not evaluated in the present study, such as H 2 O 2 , peroxide anion, and others can be produced in excess and be involved in DNA damage in response to this strain. Thus, further assays need to be performed in order to confirm the true involvement of NO and other metabolites in the detected lesions induced by two strains, such as those in which the lesions are evaluated before and after neutralization of the possible metabolites involved. Independent of these differences, the results show the potential capacity of both fungus species in inducing cellular damage associated to oxidative stress. These results may indicate a greater susceptibility of these individuals to some diseases that may range from cancer to other metabolic disorders linked to oxidative stress. Future studies should be directed towards confirming these assumptions.
